Impurity susceptibility and the fate of spin-flop transitions in lightly-doped La2Cu04 
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We investigate the occurrence of a two-step spin-flop transition and spin reorientation when 
a longitudinal magnetic field is applied to lightly hole-doped La2Cu04. We find that for large 
and strongly frustrating impurities, such as Sr in La2~a:Sra;Cu04, the huge enhancement of the 
longitudinal susceptibility suppresses the intermediate flop and the reorientation of spins is smooth 
and continuous. Contrary, for small and weakly frustrating impurities, such as O in La2Cu04+i/, a 
discontinuous spin reorientation (two-step spin-flop transition) takes place. Furthermore, we show 
that for La2-a:Sra;Cu04 the field dependence of the magnon gaps difi^ers qualitatively from the 
La2Cu04 case, a prediction to be verified with Raman spectroscopy or neutron scattering. 

PACS numbers: 74.25.Ha, 75.10.Jm, 75.30. Cr 



Introduction — Besides being the parent compound 
of high-temperature superconductors, undoped La2Cu04 
(LCO) exhibits remarkable and unusual magnetic prop- 
erties that have received a great deal of attention in the 
past few years. These properties stem mostly from the 
combination of low crystal symmetry (in the low tem- 
perature orthorhombic phase) and spin orbit coupling 
that allows for the appearance of Dzyaloshinskii-Moriya 
(DM) interactions and result in the occurrence of phe- 
nomena such as: weak ferromagnetismjA anisotropic mag- 
netic response;^ field-induced spin reorientation;^ and 
spin-fiop transitions,—"^ among others. These many as- 
pects of such unconventional antiferromagnetic material 
have been thoroughly explored experimentally with Ra- 
man spectroscopy, neutron scattering, and magnetic sus- 
ceptibility measurements, and are at present fully under- 
stood from the theoretical point of view, the agreement 
between theory and experiment being remarkable i^i^ 

When few holes are introduced into La2Cu04, the 
long-range antiferromagnetic order is rapidly destroyed, 
for example at a: « 0.02 in La2-a;Sr^Cu04 (LSCO). The 
doped holes, which are trapped by the strong ionic po- 
tential from the dopants, induce a local spin distortion 
which frustrates the antiferromagnetic interactions and 
eventually leads to the complete suppression of the an- 
tiferromagnetism. The amount of frustration introduced 
through doping depends crucially on two aspects: i) the 
strength of the ionic trap potential provided by the shal- 
low acceptor; ii) the spatial position the dopant goes in- 
side the crystal. It has been shown that for Sr acceptors,™ 
which are located (out of the plane) at the center of the 
Cu plaquettes and provide a weaker potential, frustration 
is maximized, while for dopants, which enter intersti- 
tially into the matrix and provide a stronger ionic po- 
tential, frustration is expected to be much smaller.— This 
scenario is consistent with the fact that the Neel tem- 
perature is suppressed much more rapidly for Sr dopants 
than for O ones,— and it is also consistent with recent 
magnetic-susceptibility measurements which show a large 



impurity contribution to the longitudinal susceptibility (a 
direct measure of frustration, as we shall see below) for 
La2-a;Sra;Cu04, while this is negligible for La2Cu04+y 
(LCOy)^ 

The natural question to be answered now is: how are 
the magnetic phenomena of La2CuOi listed above affected 
by frustration upon doping? In what follows we will fo- 
cus on the fate of the spin reorientation and spin-fiop 
transitions when a magnetic field is applied along the 
in-plane orthorhombic b (longitudinal) direction to Sr- 
or O- doped La2Cu04. In the presence of a longitudi- 
nal field the DM interaction causes the Cu'^"'" spins, ini- 
tially oriented along b at zero field (see Fig. [T] at 9 = 0), 
to gradually develop an out-of-plane component, which 
fully orients the spins along the c direction above a cer- 
tain critical field /f^^^iiSiiii Moreover, the longitudinal 
field is expected to cause a spin-fiop when H equals the 
smaller of the transverse gaps. In the case of undoped 
LCO this means that at an intermediate field < H^, 
of order of the in-plane DM gap, a spin-fiop transition 
of the in-plane spin component is expected,— "^ '^"i^^ with 
the spins aligning in the ac plane. Even though the ro- 
tation angle is continuous at the transition, its field 
dependence (slope) changes, giving rise to a kink in the 
0{H) curve. The issue is whether this intermediate fiop 
is actually present in doped LCO. 

A very important clue to the answer for this question 
comes from magnetoresistance (MR) experiments. In- 
deed, as it has been shown recently in Ref. |T3, the spin 
reorientation for longitudinal fields causes an increase of 
the locaHzation length of the trapped carriers, which en- 
hances their hopping conductivity and leads to a large 
negative MR. It turns out that the relative MR is a direct 
measurement of the field dependence of the angle 9{H)M 
Thus, the kink of 9{H) at should leave an imprint in 
the MR curves. However, different 9{H) behaviors have 
been obtained for different types of acceptors (0 or Sr). 
While the early data from Thio et alM- clearly indicate 
that such an intermediate SF transition indeed occurs 
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FIG. 1: (Color online): Magnetic structure of La2Cu04 for a 
small longitudinal field, H \\ b. Solid (red) arrows represent 
Cu^"'' moments and for H — we have 9 = 0. 



in 0-doped (LCOy), and it is manifest as a kink in the 
MR curves, the very recent MR experiments by Ono et 
al. in untwinned LSCO single crystals have shown no 
sign whatsoever of an intermediate SF transition.— As 
we shall now explain, the suppression of the intermedi- 
ate flop in LSCO is a direct consequence of the strongly 
frustrating character of the Sr acceptors. In addition, 
we show that the field dependence of the magnon gaps 
in the doped case can be qualitatively different from the 
undoped case depending on the amount of frustration in- 
troduced by doping, a prediction which can be tested by 
means of one-magnon Raman spectroscopy or Neutron 
scattering. 

The model — We start with a non-Hnear sigma model 
description for the low-energy dynamics of the spin de- 
grees of freedom in undoped La2Cu04^ which incor- 
porates the DM and XY anisotropies {(3 — 1/T and 
/ = /o''dr/d2x) 



Sn 



f {(5rn™)2 + c2(Vn„)2 + 
(A„n^)2 + {Aoutn^^f + ?7(n„ - n,„+i)2} . (1) 



Here rim is a continuous unit-length vector field which 
represents the three components of the staggered magne- 
tization in the m*'* plane along the (a, b, c) orthorhombic 
directions, x± is the transverse susceptibility, c the spin- 
wave velocity, rj = 2JJ± (with J, J± in-plane and out-of 
plane superexchange respectively), and Ai„ (Aout) is the 
in-plane (out of plane) gap, whose value is controlled by 
the DM (XY) anisotropy. At zero magnetic field the 
ground-state of the action ^ is given by = aox^, 
where Xb is the unit vector in the b direction, and do < 1 
is the order parameter renormalized by both quantum 
and thermal fluctuations. There is almost perfect antifer- 
romagnetic (AF) Neel order within each Cu02 layer (up 
to a tiny canting staggered along the c axis due to DM 
interactions, not shown in Fig. 1), while spins in neigh- 



boring layers exhibit AF and ferromagnetic order along 
the ac and be planes, respectively (see Refs.dH and ref- 
erences therein). At finite magnetic field the following 
terms should be added to the action 

I • (n„, X drWrn) - H2 

771 

+ (H.n„)2-(-l)™2H.(n„ xD)] , (2) 

where D = is the DM vector and we measured the 
magnetic field in units of 5s /is, where w 2 is the gy- 
romagnetic ratio and /is is the Bohr magneton. For 
H II b this last term can be written as {—l)"^HDn'^, 
and it is responsible for the development of a finite 
component of the order-parameter, i.e. to a continu- 
ous rotation of the spins in the be plane with (rim) = 
(0, do cos 9, {—l)™ao sin 9), where 9 is the angle the spins 
form with the ab plane, see Fig. [TJ By adding trans- 
verse fiuctuations to (rim) one can compute the value of 
the in-plane and out-of-plane gap as a function of mag- 
netic fieldi^ One then finds that the in-plane gap (i.e. 
the gap for the a fiuctuations) decreases, and vanishes 
at a critical field ~ Ai„ .— i^ii^iii As a consequence, 
at H = Hi the spins perform an in-plane spin-fiop, 
(rim) = ((To cos 61, 0, (— l)™cro sin^), and orient in the ac 
plane. Although sin 6* is a continuous function of the field 
across Hi, its slope changes (see left panel of Fig. 2) 
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leading to a kink in the field dependence of 9{H)^ At 
H > Hi the spins are fully oriented along c (sin 6* = 1). 

Longitudinal spin susceptibility — The possibility to 
observe the same feature at finite doping depends cru- 
cially on the type of acceptor, O or Sr, introduced in host 
La2Cu04. At low doping the holes are locaHzed by the 
Coulomb trap potential provided by the dopants. The 
hole wave function is given by V'(x) = 4'x(x), where ^' 
is a two-component spinor accounting for the pseudospin 
degeneracy (the hole can reside in either up or down sub- 
lattices), and x(x) ~ e""^ is an hydrogen-like localized 
state with inverse localization length k, describing the 
spatial dependence of the wave function. The coupHng 
between the holes pseudospin d = ^'V^' and the back- 
ground magnetization leads to a partial frustration of the 
AF order, i.e. to a (local) spiral distortion of the Neel 
phase and to a softening of the magnon gaps (at H = Q) 
with respect to the undoped case.— Besides this local 
effect, it has been proposed in Ref. that in the presence 
of a longitudinal magnetic field (i.e. H || 5) a new global 
Zeeman coupling between the holes pseudospin and the 
magnetic field is present 
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FIG. 2: (Color online): Field dependence of the rotation angle 
e{H) for 1% doped LCOy (left) and LSCO (right). Observe 
that for LCOy a kink at the intermediate spin-flop transition 
at He is observed, as indicated by the arrow. 



where 5 is the doping and d|| is the field-induced pseu- 
dospin component along the field direction that can be 
quite generically expressed as 



C^ll — X^XimpH. 



(6) 



The exact value of Ximp depends on the microscopic de- 
tails of the problem, such as the strength of the trap 
potential and the spatial distribution of the dopantsi^ 
In virhat follows, however, we shall assume that Ximp 
is a phenomenological parameter that can be directly 
extracted from the enhancement of the longitudinal 
susceptibility Xb upon doping. Indeed, from the ac- 
tion idl) (for H II &) and ^ one can easily derive 
the spin susceptibility along b in Hnear-response the- 
ory as Xb = {l/(3V)d^\ogZ/dH^\H=o^ where Z(H) = 
/ Vn exp { — (Sn + SnH + Suip ) } is the Euclidean parti- 
tion function for the total action. The result is 



Xb = Xb + 



X^D^ 



X^Sx 



(7) 



where xl = + {n"^?) - 4«9.02].2 In a 

conventional (non DM) AF only the first term in Eq. ([7]) 
contributes, and since vanishes at T = one recovers 
the expected vanishing of the longitudinal susceptibility. 
In undoped La2Cu04 the DM interaction leads to the 
second term of Eq. |[7|) , and then to a finite longitudinal 
response even at T = 0.^ When the system is doped, 
the trapped holes (impurities) contribute to Xb with the 
last term in Eq. leading to an even larger positive 
increase of the longitudinal susceptibilityproportional to 
Ximp^ From the measurements of Ref. |2, shown in the 
inset of Fig. [31 we see that while doping with changes 
only sHghtly leading to Ximp 0{l), doping with 
Sr leads to a longitudinal susceptibility four times larger 
than in the undoped case, leading to Ximp ~ 100. 



The two-step spin-flop transition — To investigate the 
effect of hole doping on the spin-fiop transitions we cal- 
culate the field dependence of the magnon gaps in the 
presence of the impurity contribution ([5]). Here we fol- 
low the same procedure described in Ref70@ for undoped 
La2Cu04, by simply replacing in Eq. ^ 



b \2 



(8) 



As a consequence, the field evolution of the the out-of- 
plane canting angle 6 is given by 
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instead of Eq. vaHd for the undoped system. To 
account for the rotation of the order parameter with 
the field, we introduce fiuctuations n^,n^ orthogonal 
to the ground-state configuration (rim) as rim = (nm) + 
{n^,aocose - (-1)" sin 6ln^, (-l)'"cro sin 6* -h cos 6'ri^). 
The spectral function of each fiuctuating mode has a two- 
peak structure,— given by 

A^^^iuj > 0) = [Zl'^SiiJ - UJ+) + Z^'^5(w - w_)] , (10) 

where uj± are the eigenvalues of the matrix of the trans- 
verse fiuctuations 
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and we defined 



i/^(l - SXinip), 
- {I -5x^mp)] cos" e 



2r/(l - cos(26')). 



The spectral weights 

Zl = t{-ojI + xI)/2{luI - loI)lo±, 

allow one to identify the leading pole for each mode. For 
example, for ^ we have Z° ZJ, so that uj- 
identifies the evolution of the in-plane (or DM) gap at 
small field, and w+ identifies the out-of-plane (or XY) 
gap, while as — > n/2 the situation is reversed.— From 
Eqs. ifTTj) . using Am < Aout, one sees that the in-plane 
gap (given by the ui- solution) vanishes when xf = 0, i.e. 
at the critical field 
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Above a spin-fiop occurs, the spins rotate in the ac 
plane with the angle described by Eq. ^ , and the gaps 
evolve according to 



(AL* 



SXtmp) - A,„, 



(13) 

cos(26l)). (14) 
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FIG. 3: (Color online): Field dependence of the in-plane 
(DM) gap for undoped LCO and for doped LCOy and LSCO. 
In the first two cases x™p — and Ximp = 5, so that the 
low-field susceptibility has approximately the same value (see 
inset), and an intermediate spin flop occurs at Hi given by 
Eq. I|12p . where the gap vanishes. Instead, for doped LSCO 
Ximp = 120, Xb is strongly enhanced (see inset), no interme- 
diate spin flop occurs, and the in-plane gap never vanishes. 
Inset: low-field susceptibility data taken from Ref. Q. 

Eq. is the central result of our paper. It tells us 
that the larger the frustration introduced with doping, 
Sximp 1, the larger H]: will become (with no solu- 
tion at all for Sximp > !)• Eventually the first criti- 
cal field H^: becomes larger than the second critical field 
H^, at which spins are fully polarized along c, and as 
a consequence no intermediate spin-flop occurs. Consis- 
tently, one would expect that in this case the in-plane 
gap does not vanish, as it follows indeed from the gaps 
equation (fTTj) . For La2Cu04 all the parameter values are 
extracted from Raman experiments:^ D = Am = 2.16 
meV, Aout = 4.3 meV, 77 = l(meVf and ctq = 0.5. At 
finite doping D and 77 are almost unchanged, while one 
expects a softening of the gaps due to the hole doping.— 
Finally, Ximp is extracted, according to Eq. ([7]), from 
the low-field susceptibility data^ and using the values of 
measured by magnetoresistanc o^°i^^ one can also es- 
timate (To, which enters in the field dependence ©-([O]) 
of the canting angle 9. For La2-2;Sr2;Cu04 at a; = 0.01 



we have A„ = 1.55 meV-i, Aout = 3.2 meV-i^, ctq = 0.32, 
and Ximp = 120. Such large value oiximp implies that no 
intermediate spin flop occurs, 9 increases smoothly with 
the applied field according to Eq. ([9]), as shown in the 
right panel of Fig. 2, and no features are expected in the 
MR curves .^^1^^ Furthermore, the in-plane gap softens 
only slightly with the field but never vanishes. This sig- 
nals the strongly frustrating character of the Sr dopants. 
Moreover, a spectral-weight redistribution between the 
two poles of the spectral function ifTOj) is expected, that 
will be discussed elsewhere.-lS For La2Cu04+y aiy = 0.01 
one hasi^ A,„ = 1.2 meV, D = 1.6 meV, A^ut = 2.6 meV, 
tJo = 0.4, and Ximp — 5. The impurity contribution to 
the low-field susceptibility is negligible (see inset Fig. [3]), 
and the first critical field lfT2l) is just slightly larger than 
the value from Ai„, around ~ 10 Ti^^ Thus, 9 increases 
according to Eq. ^ , with a kink at that shows up as a 
knee in the magnetoresistance,~ which is proportional to 
sin^ 9}^ At the same time the in-plane gap softens with 
increasing field, it vanishes at and increases again 
at larger field, according to Eq. ifTS]). following the same 
behavior measured in the undoped compound^i^. 

Conclusions — We have investigated the infiuence of 
frustration on the sequence of spin-fiop transitions in 
lightly hole doped La2Cu04. We have demonstrated that 
for strongly frustrating dopants, which have a large impu- 
rity susceptibility and give rise to a large T — Q longitu- 
dinal susceptibility (a direct measure of frustration)^ the 
effects of a longitudinal magnetic field on the underlying 
Cu"'""'" spins is weakened. As a result, the in-plane gap 
depends only softly on the applied field and never van- 
ishes. Thus, while for weakly frustrating impurities, like 
in La2Cu04+j,, the intermediate SF transition is in fact 
present, it is completely suppressed for strongly frustrat- 
ing impurities, like in La2-£cSra;Cu04. Finally, we predict 
that for La2_a;Sra;Cu04 the magnetic field dependence of 
the magnon gaps differs qualitatively from the observed 
behavior in undoped Ij&^CnO/^ and thus we propose 
one-magnon Raman spectroscopy or neutron scattering 
as smoking gun experiments to be performed in order to 
give support to the underlying mechanism of trapped- 
holes inducing local spiral distortions.— 
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